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Feeling the Pressure: Dynamics of Viral DNA Packaging are Controlled by
the Confined Genome within the Capsid
Shixin Liu1, Gheorghe Chistol1, Sara Tafoya1, Shelley Grimes2,
Paul J. Jardine2, Carlos Bustamante1.
1University of California, Berkeley, Berkeley, CA, USA, 2University of
Minnesota, Minneapolis, MN, USA.
Double-stranded DNA viruses, including tailed bacteriophages and mammalian
herpesviruses, package their genomes into pre-formed protein capsids. The
packaging process is driven by a molecular complex known as the packaging
motor. This motor is a ring-shaped oligomeric ATPase that utilizes the chem-
ical energy from ATP binding and hydrolysis to perform the mechanical work.
We have recently presented a detailed mechanochemical characterization for
the bacteriophage phi29 motor, a homo-pentamer that translocates DNA in
cycles composed of alternating dwells and bursts (1). We now aim to investi-
gate the behavior of the motor at different stages of packaging, as the motor
needs to overcome increasing amounts of internal pressure generated by the
compressed dsDNA. We find that the effect of the internal pressure on the
motor dynamics is more complex than simply exerting an opposing force to
packaging. Through a detailed analysis using ultra-high-resolution DNA trans-
location data, we find that the internal pressure affects multiple kinetic transi-
tions in the mechanochemical cycle, including events in both the dwell phase
and the burst phase. This analysis allows us to make an accurate estimation
of the internal force as a function of DNA filling, which is important for the
understanding of the DNA organization inside the capsid and the ejection
energetics. Remarkably, the motor changes its step size and displays a new
class of long-lived pauses towards the completion of packaging. Finally, we
determine the structural elements in the packaging complex that are responsible
for the signal transduction from the capsid to the motor.
(1) G. Chistol*, S. Liu*, C. L. Hetherington, J. R. Moffitt, S. Grimes,
P. J. Jardine, C. Bustamante, ‘‘High Degree of Coordination and Division of
Labor Among Subunits in a Homomeric Ring ATPase’’, Cell, in press (2012).
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Friction and Wear of Porcine Articular Joint and Effects of Selective
Digestions
Dong Woog Lee, Xavier Banquy, Jacob Israelachvili.
University of California Santa Barbara, Santa Barbara, CA, USA.
In thiswork,we explored the possible existenceof awearmechanismdeveloping
under mild conditions using surface force apparatus (SFA). By selectively di-
gesting different components (type II collagen, Hyaluronic acid (HA), glycos-
aminoglycans (GAGs)) of the cartilage, we also establish correlation between
the structural properties of cartilage surface and the tribological properties.
We observed stick-slip friction in articular cartilage for the first time under mild
conditions. To visualize load and speed regimes of stick-slip friction occurrence
we introduced ‘Dynamic (friction) phase diagram’. Prolonged exposure of the
cartilage surfaces to stick-slip sliding results in an increase of surface roughness
similar to HA and GAGs digested cartilage suggesting that stick-slip motion is
able to induce severe morphological changes of cartilage superficial zone. We
also found that digestion of the different components of cartilage alters the mor-
phology of the superficial zone in very different ways. HA and GAGs digestions
increased surface roughness while collagen digestion decreased the surface
roughness compared to normal cartilage. Friction forces increased up to 2, 5
and 10 times after HA, collagen and GAGs digestion, respectively, indicating
no direct correlation between surface roughness and friction forces.
Platform: Microtubular Motors
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The Structural Basis of Force Generation by the Mitotic Motor Kinesin-5
Adeline Goulet1, William M. Behnke-Parks2, Charles V. Sindelar3,
Jennifer Major4, Steven S. Rosenfeld4, Carolyn A. Moores1.
1Birkbeck College, London, United Kingdom, 2Columbia University, New
York, NY, USA, 3Yale University, New Haven, CT, USA, 4Lerner Research
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Kinesin-5s are essential for forming the bipolar spindle during mitosis in most
eukaryotes. The kinesin-5 motor domain contains conserved nucleotide and mi-
crotubule binding sites and mechanical elements to generate force. However,
biochemical and biophysical studies have suggested that the mechano-
chemistry of the kinesin-5 motor is very different from other kinesins. using
cryo-electron microscopy and image reconstruction, we have calculated sub-
nanometer resolution structures of microtubule-bound human kinesin-5 before
and after nucleotide binding. Our structures reveal that, despite its mechanistic
differences with conventional kinesin, kinesin-5 has the same coupled,
nucleotide-dependent conformational changes as seen in conventional kinesins,
including a ratchet-like docking of the neck linker, and simultaneous, paralleldocking of the amino-terminal cover strand. These observations are supported
by kinetic experiments that indicate a cooperative rearrangement of the kinesin-
5-specific neck linker with the amino-terminal cover strand during the motor’s
ATPase cycle. In contrast to conventional kinesin however, our structures
reveal a dramatic reorientation of Loop L5 - the binding site for allosteric in-
hibitors of kinesin-5-following ATP binding. This reorientation suggests
that L5 is directly involved in controlling nucleotide binding by acting as an
intra-molecular competitive inhibitor. Our structures indicate that allosteric
inhibitors of human kinesin-5 bind to a motor conformation that occurs in
the course of normal function. However, due to evolutionarily defined sequence
variations in L5, this conformation is not adopted by invertebrate kinesin-5s,
explaining their resistance to drug inhibition. Our data reveal the structural ba-
sis for kinesin-5 force generation that has evolved in the physiological context
of the mitotic spindle.
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Kinesin-1 Motility Inhibited by Microtubule Defects
Michael W. Gramlich, Leslie Conway, Jennifer L. Ross.
University of Massachusetts - Amherst, Amherst, MA, USA.
Microtubules (MTs) provide the basic highway system for the cell, with molec-
ular motors providing the cargo transport. Molecular motors traverse the MT
network to deliver vital nutrients throughout the cell. It has been proposed
that in vivo MTs, which are free of defects, provide the best tracks for motor
transport, yet no study has investigated the effect of microtubule defects on
transport. Moreover, in vivo defects may result when mechanisms that maintain
MTs break down. Therefore, studying motor motility in the presence of defects
is an important area of interest. Unlike in vivo MTs, microtubules polymerized
in vitro can have many dislocation defects in their structure, such as seam or
point defects. Here, we systematically study the effects of microtubule lattice
defects on the transport abilities of kinesin motor proteins. We have studied
the effect a step edge defect has on kinesin-1 motility, using single molecule
fluorescence imaging. We created the step edge defects by end-to-end anneal-
ing Taxol-stabilized MTs with 12-13 protofilaments to GMPCPP MTs with 14
protofilaments. We find that fewer than 20% of kinesin-1 motors traverse a de-
fect location while the rest dissociate from the MT lattice just before the defect.
We speculate that kinesin-1 motility past the defect is inhibited because the step
edge results in either a change in radius, or a shift in the protofilament lattice.
Consequently, kinesin-1 is unable to overcome the increased step distance. This
suggests that defects do play an important role in motility.
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Effects of Neck Linker Length on Kinesin-1 Force Generation andMotility
Johan O.L. Andreasson1, Bojan V. Milic1, William O. Hancock2,
Steven M. Block1.
1Stanford University, Stanford, CA, USA, 2The Pennsylvania State
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Kinesin-1 is a dimeric, processive microtubule motor. The ATP hydrolysis
cycles of its twin motor domains are tightly coupled through efficient gating
mechanisms that coordinate hand-over-hand stepping. A key structural element
for this coordination is the neck linker (NL), a 14 amino-acid (AA) segment
that connects each catalytic head to the stalk. We have previously shown
that extending the kinesin NL can lead to backstepping and diminished proces-
sivity (Clancy et al., 2011, Nat. Struct. Mol. Biol., 18:1020-7; Shastry and
Hancock, 2010, Curr. Biol.20:939-43). Here, we used optical trapping tech-
niques to study how force-dependent kinesin motility is affected by incre-
mentally increasing the NL length in wild-type (WT) and cysteine-light
(CL) versions of Kinesin-1 protein from both Drosophila and human. For
Drosophila constructs, adding one AA into the NL reduced the velocity and
run length for all forces, but further extensions of the NL exerted no apprecia-
ble, additional effect. Assisting loads (loads applied in the microtubule plus-
end direction) did not affect the velocity of the WT construct, whereas slower
mutant velocities were increased, approaching those of the WT. Under hinder-
ing loads, increased force dependencies were correlated with longer NLs, but
more pronounced effects, including processive backstepping, were associated
with CL mutations, such as those found in a previously characterized human
CL construct. Our results illustrate how the NL in Kinesin-1 is optimized under
external loads for force production, velocity, and run length.
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Hannah A. DeBerg1, Benjamin H. Blehm1, Janet Sheung1,
Andrew R. Thompson2, Seyed F. Torabi1, Carol S. Bookwalter2,
Christopher L. Berger2, Kathleen M. Trybus2, Yi Lu1, Paul R. Selvin1.
1University of Illinois, Urbana, IL, USA, 2University of Vermont, Burlington,
VT, USA.
Tuesday, February 5, 2013 383aIn neurons, microtubule motor driven transport is crucial for communication
between processes and the cell body. Disruptions in transport are associated
with a variety of neurodegenerative diseases. Previous studies implicate phos-
phorylation of serine 176 in kinesin-1 in the impaired axonal transport asso-
ciated with Huntington’s disease. In isolated squid axoplasm, introduction of
pathogenic huntingtin protein activates the kinase, JNK3, which specifically
phosphorylates kinesin at S176 (Morfini, Nature Neuroscience, 2009). The
mechanism by which S176 modification leads to impaired transport is not
very well understood. It is not known whether phosphorylation of kinesin
alone is sufficient to cause impaired cargo transport. To investigate the effect
of residue 176 on kinesin transport, we use optical trapping and single-
molecule fluorescence imaging to study purified kinesin. We employ two con-
structs, S176A and S176D, truncated at residue 888 to remove the autoinhibi-
tion domain, resulting in constitutively active motors. There is no significant
difference in the processivity, ATPase, or microtubule binding activity be-
tween the phosphomimetic S176D construct and the non-phosphorylatable
S176A construct. However, we find that S176D has an attenuated stall force
(5pN) compared to S176A (7 pN). Furthermore, polystyrene bead cargos
coated with dynein and S176D are transported preferentially in the minus di-
rection in comparison with cargos coated with equivalent concentrations of
dynein and S176A. We also perform phosphorylation assays using JNK3 on
both 888-truncated and full-length wild-type kinesin in which radiolabeling
is used to quantify the percentage of protein phosphorylated in the assay.
The pattern of stall force attenuation and directional bias observed for the
S176D mutant is also observed in JNK3 phosphorylated samples in which
60-80% of the wild type protein has been phosphorylated. These results
show that modification of serine 176 alone is sufficient to alter the behavior
of kinesin.
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Measuring Collective Transport by Defined Numbers of Processive and
Nonprocessive Kinesin Motors
Kenya Furuta1, Akane Furuta1, Yoko Y. Toyoshima2, Misako Amino1,
Kazuhiro Oiwa1, Hiroaki Kojima1.
1National Institute of Information and Communications Technology, Hyogo,
Japan, 2The University of Tokyo, Tokyo, Japan.
Molecular motors usually work together in teams within the cell. However,
studying coordination among these nanomachines has posed a challenge.
Here, we used experimentally defined assemblies in vitro to investigate how
the functions of molecular motors depend on the motor number and arrange-
ment. The assembly forms a linear array of motor proteins with defined number
and spacing on a DNA scaffold. using this method, we linked together multiple
molecules of either two different types of kinesin motors, kinesin-1 or Ncd
(kinesin-14), which shows a processive and nonprocessive movement, respec-
tively. Regardless of the motor type, their processivity scaled exponentially
with the motor number at low load. While single Ncd motors showed short,
diffusive movement along microtubules, the assemblies composed of two
Ncd molecules moved processively for more than 1 mm. Force measurement
revealed that small groups of Ncd can generate an additive force that is
much larger than can single motors, while multiple kinesin-1 can rarely share
an external load. Numerical simulations suggest that the coordination among
Ncd motors strongly depends on the fast microtubule binding kinetics of indi-
vidual motors. Moreover, we found that Ncd can exert a larger drag force when
pulled backward despite its small active force. These features would make Ncd
suited for one of its cellular functions to dynamically crosslink microtubules
while antagonizing the opposing force. Thus, our experimental system may
provide a platform to study the collective behavior of motor proteins from
the bottom up.
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A Force Dependent Gating Mechanism Inhibits ATP Dependent Release
of Dynein from Microtubules
Frank B. Cleary, Thomas Bilyard, Danna D. Chan, Vladislav Belyy,
Amy Y. Chang, Ahmet Yildiz.
UC Berkeley, Berkeley, CA, USA.
Cytoplasmic dynein is a processive minus end directed microtubule motor
involved in a wide range of cellular functions. By studying how dynein mono-
mers respond to load in an optical trapping assay, we discovered a force
dependent gating mechanism that prevents ATP driven release of dynein
from the microtubule. Our results show that tension on dynein’s linker domain
causes the microtubule release rate of the motor to be insensitive to ATP, while
dynein motors with an unloaded linker release at a much faster rate at high ATP
concentrations. We found that dynein monomers preferentially release whenforce is applied towards the minus end of the microtubule rather than the
plus end. This strong asymmetry is observed even in the absence of dynein’s
ATPase ring, implying it is an intrinsic property of the stalk and microtubule
binding domain. To test what role these phenomena play in dynein motility,
we studied ATPase mutants with altered translocation velocities and measured
their force dependent release kinetics. On the basis of these results we devel-
oped a minimal model of dynein motility and show how intramolecular tension,
powerstroke and force dependent release are main determinants of dynein’s
motility properties and directionality.
1964-Plat
Collective Function of Kinesin and Dynein in the Bidirectional Transport
of Intracellular Cargoes
Adam G. Hendricks, Erika L.F. Holzbaur, Yale E. Goldman.
University of Pennsylvania, Philadelphia, PA, USA.
Teams of several kinesin and dynein motors are bound to intracellular cargoes
and drive their bidirectional transport along the microtubule cytoskeleton. To
probe the collective dynamics of an endogenous complement of motors, we
examined the forces on bidirectional cargoes in living cells. We previously
developed methods to calibrate optical traps in living cells, taking into
account the local viscoelastic environment of each cargo. using these tech-
niques, we examined forces on latex beads taken up into mammalian macro-
phages, which are encased in native phagosomes that are transported by
kinesin-1, kinesin-2, and dynein motors. Forces exerted by kinesin-1 and
kinesin-2 are indicative of 1-3 motors which often detach at forces below
the unitary stall force of ~5 pN. In contrast, multiple peaks in the dynein force
histogram at 1-2 pN intervals suggest collective transport by many motors (up
to 13). During high-force (|F| > 10 pN) events driven by multiple motors, the
cargoes often advanced in 8-nm steps, suggesting that multiple kinesin and
dynein motors step in a correlated manner at high loads. We compared forces
in living cells to those produced by isolated latex bead-containing phago-
somes along taxol-stabilized microtubules. The force histograms display sim-
ilar peaks, indicating that individual motors produce similar forces in vitro
and in living cells. However, forces up to ~ þ/-20 pN were observed in living
cells compared to maximum forces of ~ þ/-12 pN in vitro, suggesting that for
the same type of cargo, more motors are engaged in the cell. The dense and
viscoelastic cellular environment may promote motor binding by constraining
diffusion, or by allowing motors on a single cargo to interact with multiple
microtubules. Supported by NIH grants GM087253 to YEG and ELFH and
GM089077 to AGH.
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Anand Radhakrishnan, Artem Efremov, Joscelyn C. Meijas,
Michael R. Diehl.
Rice University, Houston, TX, USA.
Dissecting how the coordination of cytoskeletal motor proteins, (kinesin, dy-
nein and myosin) has become increasingly important to characterizing various
transport processes in eukaryotes. Most subcellular commodities (ribonucleo-
protein, particles, organelles, vesicles etc.) are driven by ‘‘teams’’ of motor pro-
teins that are composed of multiple copies of the same motors or even mixtures
of different motors that move in opposite directions, with different velocities, or
along different types of filament tracks. Consequently, numerous intracellular
transport processes and regulatory mechanisms depend fundamentally on
how these collections of similar and dissimilar motors either cooperate or com-
pete with one another. Understanding these behaviors are important to elucidat-
ing various disease pathologies stemming from motor and other transport-
related protein mutations since their impact on cargo transport will ultimately
depend on the extent to which they perturb the composite dynamics of motor
systems that also contain wild type motors. Our work has focused on develop-
ing genetically engineered cells that can be used to characterize endogenous
cargo transport and trafficking response to variation in motor number, type
and ratio and cargo size. While integrating multiple genetic control elements,
these cells also exploit drug- and light-dependent protein dimerization switches
to allow competitions between different types of wild-type and mutant motors
to be adaptively regulated. We are also developing micro-fabrication tech-
niques to pattern these cells into defined shapes as a way to control the organi-
zation of their cytoskeleton and facilitate direct comparisons of transport
responses within the cell population. Given these unique handles, these cells
provide a powerful platform to examine fundamental mechanisms of intra-
cellular transport regulation and assess the impact of disease-related motor
mutations.
